I. INTRODUCTION
T HE ERBIUM-DOPED fiber amplifier (EDFA) has become one of the key components in WDM networks. Its main advantages include high gain, wide bandwidth, and polarization insensitivity [1] . Due to their long excited-state lifetime, EDFA's are immune to channel gain modulation if the lowest modulation component is greater than 10 kHz [2] . This means that channel cross-talk is minimal in high-speed WDM networks during normal network operation. However, channel failures due to accidental component failures or channel switching can produce large-power transients which cause gain transients in the entire WDM network, affecting all channels [9] . As the size and complexity of WDM networks increases, these transient effects may become significant for system performance and reliability. To analyze the effect and behavior of these dynamics in networks using a large number of EDFA's, an efficient numerical model is necessary.
The single-channel large-signal transient behavior of an EDFA was simulated and reported by Ko [3] using a model based on the references in [2] and [4] . However, only the case of a single channel and a single amplified spontaneous emission (ASE) component at a signal wavelength with a bandwidth was considered. However, to fully account for the EDFA dynamics including cross saturation between multiple signals and ASE saturation, it is necessary to include the full EDFA spectrum (1480 to 1600 nm) in a model. This is particularly important when the EDFA is part of a ring-like network which the ASE and the signal would lase (if the round-trip gain exceeds unity) [13] , [14] and channels compete with each other for gain. As a result, the EDFA behavior will heavily depend on not just the signal Manuscript received November 3, 1997; revised May 6, 1998 but also the entire ASE spectrum. To predict such behavior can be computationally intensive. To fully account the effects of forward and backward ASE saturation, these simulation models require long execution times which is undesirable when simulating large networks.
In this paper, we have implemented a numerical model of a 1480-nm forward-pumped EDFA. The numerical model fully describes the dynamic response of the EDFA and takes into account the full EDFA spectrum (1460-1600 nm), and the effects of forward and backward ASE saturation. The model requires only simple parameters to be obtained: gain and loss coefficient spectra, intrinsic saturation power, and excited-ion lifetime [5] . We have used a transmission line model (TLM) [6] with extra delay sections to improve the computational efficiency by a factor of 1000. The results of this delayline method are in excellent agreement with our experimental results.
II. THEORY For a forward two-level pumped EDFA, the carrier density rate equation and the signal power equations along the erbiumdoped fiber (EDF) are derived from [7] (1a)
where are the gain and loss coefficients per unit length [5] , is the intrinsic saturation power [7] , is the exited-state lifetime, is the normalized excited-state ion population, is the signal frequency with mean bandwidth is Planck's constant, and and are the forward and backward traveling signal powers, respectively.
The assumptions in (1) are:
• the EDF gain spectra is homogeneously broadened;
• all signal mode fields along the fiber are approximated by Gaussian mode distributions and the overlap factor 0018-9197/98$10.00 © 1998 IEEE between the mode and the doped area is independent of the respective signal power, i.e., the doping area is confined near to the center of the core [7] ; • the signal gain is polarization-independent;
• the dopant concentration is small enough that pairinduced quenching (PIQ), which dominates over the homogeneous cooperative process, background loss and excited states absorption, can be ignored [8] . The gain coefficient can be determined by a simple experiment such as passing a high pump power through a very short length of fiber ( 0.3-dB length of loss) [5] . The loss coefficient, , spectrum can be obtained by a simple cut-back experiment. Once the intrinsic saturation power of a particular wavelength is obtained from a transmission measurement, the intrinsic saturating power of the complete spectrum can be easily determined using the gain and loss coefficients. The time constant is obtained by measuring the ASE output decay of an EDF being excited by pump pulses [9] . As a result, only parameters (at any particular wavelength ), and are required to fully characterized the EDFA's dynamics.
It can be seen from (1a) that the excited ion population is power-dependent. Since the signal powers vary along the EDF [from (1b) and (1c)], the gain varies along the fiber as well. To investigate the effects of using finite sections in the model, (1a)-(1c) were solved for the steady-state (setting (1a) to zero) by using a two-boundary finite-element relaxation method [10] . The results are shown in Fig. 1 . It can be seen that the normalized excited-ion population varies along the EDFA nonlinearly, with the gain at the ends of the EDF heavily saturated by ASE. As a result, different section size results in different accuracy. Therefore, to maintain accuracy, it is necessary to divide the EDF into short sections.
The ASE components in (1b) and (1c) depend on the width of the wavelength interval, , that the EDFA spectrum is divided into. Since the forward and backward ASE saturates the gain along the EDFA, due to the discretization of the gain coefficient, loss coefficient and intrinsic saturation power spectra, the choice of also affects the excited-ion population along the EDFA and hence the steady-state accuracy. In the case of EDFA dynamics in a ring-like structure, where lasing of ASE components is possible, the choice of becomes even more important.
III. NUMERICAL MODEL
To solve (1), the EDF is divided into sections of equal length . The carrier density is assumed to be constant within a section, as illustrated in Fig. 2 . The whole EDFA spectrum (including the pump spectrum), from 1460 to 1600 nm, is divided into discrete signal wavelengths with a mean width . The discrete algorithms, derived from (1), for the computation are shown as follows:
The transient simulations are initialized from the steady-state solution obtained by setting (2b) to be zero. Since the steadystate solution is relatively simple, it will not be discussed in great detail here. As it was shown earlier, the choice of and affect the accuracy of the steady-state excited-ion distribution and thus the initial gain and ASE along the fiber. As a result, the dynamic solution is also likely to be affected. Depending on the magnitudes of and (which depend on the individual EDFA), optimal values of and are necessary in order to balance the simulation accuracy and execution time. That means, for 0.1 m, 2 10 ms (assuming a group refractive index of 1.5 in silica fiber) and a 10-ms transient simulation, the required number of iterations per signal is at least 2 10 . The execution time of the simulation depends on the number of iterations multiplied by the number of sections and the number of wavelengths (1480 to 1600 nm). In order to fully describe the full-bandwidth dynamics of saturated EDFA's of an WDM network in a reasonable time, it is necessary to reduce the "effective time-step" carried out in a simulation to improve the simulation efficiency while maintaining accuracy.
To improve the simulation efficiency, we introduce a delay factor, . This is equivalent to introducing an additional propagation delay within each fiber section (Fig. 2) . This can be thought of as introducing lossless lengths of fiber between gain sections. As a result of this, the number of iterations is reduced to Increasing the EDFA's length by a factor of affects the rate (or dynamics) that forward and backward signal saturate the different sections of EDFA. However, if the delay is not significant compared to the excited-state lifetime ( ms) and the rate of change of the input signal power ( s), then the effect on the dynamics of the EDFA will be insignificant. Our results in the next section show that delay scaling reduces execution time dramatically while maintaining the accuracy of the EDFA dynamics.
Delay scaling results in a fixed delay of the entire output response with respect to a change in the input power, simply because the delay of the fiber has been increased times. Therefore, the delay-scaled transient model is similar to an EDFA with its output connected to a lossless and nondispersive single-mode fiber (SMF) of length where and is the actual length of the EDFA [ Fig. 2(b) ]. For example, for a 13-m EDF, a simulation using a of 1000 requires an of 13 km. In this case, the computation time is reduced by approximately 1000 times (see Section IV). Furthermore, as EDFA's are used as signal repeaters (or power boosters) in networks, distances between EDFA's are in the order of kilometers. As a result, the additional delay can be accommodated in actual networks.
For all of the simulations discussed in this paper, and are chosen to be 0.1 m and 1 nm, respectively. The EDFA spectrum is modeled from 1460 to 1600 nm. Fig. 3 shows the experimental setup for demonstrating the large-signal saturation dynamics of a single channel. The results of this experiment were compared with simulations with and . In this experiment, the EDFA has a 13-m-long aluminum codoped erbium fiber with a 1480-nm pump laser arranged in a forward pumping scheme. The shape of these input pulses were modeled and implemented in the simulation. The input signal pulses are also coupled to the photodetector to trigger the oscilloscope. The EDFA output is filtered at 1550 nm and connected to the oscilloscope through a photodetector. The bandwidth of the photodetector is 125 MHz and the oscilloscope has a 200-MHz bandwidth. The results of this experiment were compared with the simulation results with 1 and 1000. The output coupling loss between the EDFA and the photodetector was estimated to be 5.4 dB by comparing the output signal's peak between the experimental and simulation results, at a 200-mA pump current. In Fig. 6 , there are excellent agreements between the simulation and experimental results for three different pump powers. The small difference at the output power peak is mainly due to the finite value chosen for and as explained in the steady-state discussion in the previous section. Fig. 6 also shows the simulation results using 1000 (i.e., an additional delay of 0.33 s between sections). In this case, the execution time is reduced by approximately 1000 times and the additional delay (43 s) of the output can be seen (as mentioned in the previous section). These timeshifted results are in excellent agreement with the experimental results for all three pump power levels as shown in Fig. 7 . The use of the delay-line method reduces CPU time required for executing simulations. The CPU time required for various values of ranging from 1 to 1000 is shown in Table I . Fig. 8 shows the simulated EDFA optical output spectrum at 200 mA and 1000. The simulated output spectra A, B, and C were sampled at 0, 0.25, and 0.8 ms, respectively [corresponding to points A, B, and C in Fig. 6(a) ]. These value of (P (k) 0 P 0 )=P 0 , where P 0 is the peak output power when k = 1 and P (k) is the peak output power for k not equal to 1. spectra include the pump spectrum from 1460 to 1480 nm which shows the many modes of the pump source. This highlights the effectiveness of the model as it is not limited to a single-wavelength approximation of the pump spectrum. In the experiment, the pump band is removed by the WDM coupler at the output of the EDFA. The dynamics of the gain compression spectrum can also be seen from these spectra, highlighting the ability of our model to also predict multiwavelength dynamics.
IV. EXPERIMENTAL AND SIMULATION RESULTS

A. Single-Channel Large-Signal Dynamics
B. Effect of Delay Scaling
The overall effect of the delay scaling is to slow down the propagation of signal, and the forward and backward ASE with respect to the change of the input signal and the excited state population decay. The degree of these effects (i.e., the distortion of the actual dynamics of the EDFA) can be assessed by examining the change in output peak power verses at 300 mA, as plotted in Fig. 9 . As increases, a longer time is required for the input pulse to travel through the EDF. The delay provides more time for the excited state population to saturate at the input end of the fiber which reduces the gain of the later parts of the pulse. As a result, the gain experienced by the signal is lower than it should be. However, as is further increased beyond 3000, the peak power starts to increase. This is due to the quantization error resulted from sampling the rising edge of the input pulses (i.e., the modulated signal at 1550 nm). The sampling timestep increases with increasing ; therefore, if is large enough, the rising edge of the sampled input resembles a "staircase"-like signal with each step behaving like a large signal with a zero rise time. As a result, for large 3000 , the peak power increases with increasing . This effect is particularly significant if the rise-time of the input pulses is comparable to the fluorescence lifetime of the EDFA. On the other hand, if the rise time is small (e.g., ns), the input pulses behaves as real step inputs and, as a result, the quantization error is insignificant. In real WDM systems, depending on the type of wavelength switching devices, switching times vary from the order of milliseconds to nanoseconds [15] . Therefore, implementing the delay-line technique in dynamic simulations, the rise time (switching time) of the large signal must be considered to obtain the required accuracy and efficiency.
In order to confirm the effect of forward and backward ASE on the EDFA dynamics, and hence the necessity of including these terms, the simulation was run with the zero ASE in (2b) and (2c). In the case of zero ASE, before the arrival of the signal pulse, the upper level population is higher than with ASE. This causes a higher gain along the EDF which results in a higher peak power. This large signal gain causes a high rate of stimulated emission and hence the transient state decays faster to the steady state. At steady state, because the signal level is much higher than the ASE, the discrepancy from the actual signal level is very small, as shown in Fig. 10 .
C. ASE Dynamics
To verify the ASE dynamics predicted by the model experimentally, the pump laser was modulated using an optical chopper. Two lengths, 6 and 13 m, of aluminum codoped erbium fiber were used. The responsivity of the photodetector at the EDFA output was assumed to be close to its 1550-nm value over the range 1500 nm to 1600 nm (within 0.01 mA/mW). These ASE dynamics are shown in Fig. 11 . The shorter the length of the EDF, the sooner the response reaches the steady state. This is shown in the experiment and simulation results. Because of the short period of the pump modulation, the ASE signal was not able to decay completely to zero. This means the upper level population is nonzero at the instant of the next rising edge of the pump pulse. This accounts for the extra gain of the experimental results as compared to that of the simulation. Coupling losses also introduced errors in the experiment.
D. Two-Channel Cross-Talk Experiment
Channel switching in WDM networks causes large-signal gain transients in the network. Therefore it is important that the model is able to simulate a similar situation. A two-channel cross-talk experiment was set up which is similar to Fig. 3 except that two CW DFB lasers were used as sources of two WDM channels. The 1550-nm DFB laser was passed through a chopper before coupling into the EDFA. The 1570-nm DFB laser was unmodulated. A simulation was run with 1000, and the simulation results were time-shifted to account for the additional delay. Fig. 12 shows that the experimental results and the simulations are in excellent agreement at two different pump levels. In the case of 400 mA, the discrepancy of the signal peak is due to the introduction of artificial delays and the discretization of and , as explained earlier.
V. DISCUSSION The model described by (2) assumes the gain medium is homogeneously broadened. To include the effect of inhomogeneous gain broadening, modification of the original model is required with additional parameters such as crosssection spectra and normalized inhomogeneous broadening distribution [11] . Study shows that effects of inhomogeneous medium on gain saturation in alumino-silicate glasses are small and hence both homogeneous and inhomogeneous model provide accurate descriptions of ASE output spectrum [11] . Indeed, modeling the transient behavior of EDFA's based on inhomogeneous gain broadening requires a highly complicated model. The effect of inhomogeneity on the dynamic behavior of EDFA will require further study.
The delay-line method was implemented in the simulation model assuming the doping area is confined near the center of the core. Indeed, the delay-line method is not restricted to be used with such a condition (i.e., radial-independent). Since the delay-line method only increased the effective time step, it can also be implemented in a model where the propagation of mode power is radial-dependent. In addition to two-level systems, the delay-line method can also be used in three-level systems (e.g., 980-nm pumped EDFA's) provided that the dynamic of the system is preserved, such as the dynamic of the pump excited-state (level 3). In general, 10 -10 [2] where and are the nonradiative lifetime of levels 3 and 2, respectively. Therefore, in order to preserve the dynamics of the system, the delay introduced is required to be less than depending on the required accuracy and improvement on computing efficiency.
Inhomogeneous upconversion due to PIQ is likely to limit the amount of allowable delay introduced when the delayline method is employed. For alumina co-doped fibers, the timescale for the homogeneous upconversion is in milliseconds and for the inhomogeneous isin submicroseconds [12] . Hence, the delay-line method can be implemented in a model which includes homogeneous upconversion process. The effect and performance of employing the method on such a model is likely to be similar to the model represented by (1) and (2) . On the other hand, for dopant concentration within 20 10 m and 64 10 m , PIQ dominates over homogeneous upconversion (as well as homogeneous cooperative process). As a result, improvement on computing speed and the accuracy of employing the delay-line method are likely to be reduced. The effect of employing delay-line method in PIQ dominated systems require further study.
Furthermore, in this paper, the EDFA spectrum was modeled from 1460 to 1600 nm. As it can be seen in Figs. 4 and 8 , due to the low gain coefficient, the ASE outside 1530-1560 nm is likely to cause insignificant saturation to the EDFA. Therefore, by employing the delay-line method, the execution time can be further reduced by considering the main bandwidth of the EDFA (e.g., 1530 to 1560 nm) within the required accuracy.
VI. CONCLUSION
The simulation model described in this paper accurately describes the multiwavelength dynamic behavior of an EDFA assuming polarization gain-independent homogeneous broadening and negligible pair-induced quenching. The model has been justified by comparison with experiment results. In addition, by introducing additional delays between each section, the execution time can be decreased by a factor of 1000 while keeping within a 2% error. To maintain accuracy, the amount of delay introduced has to be insignificant compared to the excited-state lifetime and the rate of change of the input signal has to be taken into account. In conclusion, the delay-line method enables efficient simulations of large WDM networks employing a large number of EDFA's.
